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ABSTRACT 


The Tempered Martensite Embrittlement has been studied in A1S1 
4135 steel by means of Charpy impact and fracture toughness test 
carried on specimens tempered in the entire range of tempering 
temperature (2 00" C to 550* C). The embrittlement in Charpy impact test 
has been shown by minimum in toughness at 350* C and it was shifted to 
450 * C in case of Kj c testing. Correlation of microstructur al changes 
and Fracture initiation process in two different evaluation methods has 
been made. The mechanism for the T.M.E. in Charpy and Kj c testing has 
also been proposed for the present steel. The dependency on carbide 
morphology (ribbon shaped) in case of Charpy impact test and the inter 
particle (cementite) distance, along with number of microvoids produced 
in case of K j c testing, are the proposed causes behind the T ME. 
phenomena. In addition to study on effect of testing methodology, effect 
of tempering time in T.M.E. region and prestraining has also been made. 



1 


NTR0DUCT1GN 


For many years it has been known that the high or ultra high strength 
grades of steels undergo an embrittlement during tempering This is indicated by 
sudden drop m Charpy impact values in certain temperatures range of tampering. 
Ir.spite of decrease in strength with tempering temperature, the occurance of this 
embrittlement at lower temperature is known as 'Tempered Martensite 
Embri tt lenient - " (T M E. ) This also has been known as 300° C or 500 F 
embrittlement in some earlier references as it usually occurs around this 
temperature. This embrittlement is not the classical intergranular as temper 
embrittlement due to impurity segregation &/or precipitation at the grain 
boundaries i.e. fracture is not necessarily intergranular and occur even in the 
carefully vacuum melted experimental steels wherein the impurity content is much 
lower than commercial steels. This T.M.E. phenomena doesn't tie to any specific 
temperature, composition or sequence of processing operations. 


1.1 Measure Of T ME. : 

The magnitude of minimum toughness value (CVN test) which is obtained 
during tempering cycle, indicates the degree of embrittlement. When the Charpy V 
notch impact toughness values are plotted against tempering temperature, the 
severity of embrittlement in quantitative terms can be considered by - 

i.> The depth of trough i.e. difference between maximum toughness value 
before embrittlement and the minimum toughness value (SE). 


2 > The range of tempering temperature over which trough occurs 


In general, higher the depth of trough &/or wider the range over which 
trough lies higher the severity of embrittlement is considered 

A typical T. M. E trough commonly observed in low medium carbon steel is 
shown m fig i i . 

1 -2 Technological Significance of TME. : 

It has been well established that the optimum property development of high 
strength low alloy steels can be achieved by quenching and tempering the steel 
components. The usual practise in such a heat treatment is oil quenching and 
tempering at such a value of temperature at which the best combination of 
toughness and strength will be obtained. With the increase in tempering 
temperature the strength decreases and toughness is expected to be increased. 
The role of T.M.E. becomes significant in designing such a critical tempering 
temperature at which necessary toughness is maintained along with strength. In 
order to escape from this embrittlement phenomena usually high temperature 
tempering procedures are adopted. In such a practice compared to low temperature 
of tempering two types of losses are encountered - 

1. > increase in fuel energy consumption and time needed for tempering 

operation, which can be considered as economical loss. 

2. > Softening of matrix and therefore lowering of strength, which comes 

under mechanical property loss. 

Thus it becomes necessary to analyze the basic cause or causes behind the 


interesting phenomena. 



CVN IMP, 


s 



FIG. 1-1 SHOWS TYPICAL T. M. E. 

TROUGH IN LOW ALLOY MEDIUM 
CARBON STEEL 
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1 .3 Parameters Affecting TME: 

As the T.ME. phenomena is related to toughness - microstructura 
correlation, it is very difficult to take a single parameter into consideration 
There are number of parameters which can directly or indirectly affect the 
severity or temperature range of T M.E . They can be broadly considered as 

1. > Variation in composition: As the alloying elements added to steels can 
affect as quenched microsturcture, the general level of toughness and 
the transition temperature, this all can affect T.M.E.. 

2. > Impurity level: The impurities are gernerally segregated at the grain 

boundaries of material, it becomes necessary to take this as 
controlling parameter in the embrittlement phenomenon. In such a 
segregation, the gram boundaries becomes low energy path for crack 
propogation. 

3. ) As quenched Micrastrareture: The as quenched microstructure is the 

source of any transformation taking place during tempering. This may 
affect the embrittlement mechanism 

4. ) Evaluation Methodology for Toughness: The strain rates involved in two 

different types of toughness evaluation viz CVN test and Fracture 
toughness test may change the basic fracture mechanism and may lead 
to change the T.M.E. temperature and severity. 


1 -4 Objectives of ti^ present Investigate : 

Considerable amount of work has already been carried out as far as the 



effect of composition and impurity levels are concerned There has been some 
studies on the effect of testing methodilogy on TM.E. There are indications that 
T M E is negligibly small when evaluated m terms of Diana strain fracture 
toughness (Kj c > and tempering temperature range of T M.E. may get shifted to higher 
values of temperatures when evaluated in terms of Kj c . 

In the present investigations AI5I 4135 steel has been studied for its 
Charpy (CVNl and fracture toughness (Kj c ; over the entire range of tempering 
temperature with the principle aim of finding the effect of two types of tests on 
T.M.E. and offer an explanation for the observations. The other issues that have 
been studied are 

<i> The effect of tempering time on T.M.E.. 

(ii) Prestrain effect on T.ME. and 

(iii) Mechanism of T M.E.. 

Eventually the study aims to enhance the understanding of the basic cause 


or causes behind the phenomena. 



Literature Review. 


In this chapter, literature of the previous papers on T M E is reviewed 
From this review it becomes clear that the effect of alloying elements and 
impurity content have been studied earlier in great detail The microstructure 
prior to tempering ; esspecialiy effect of retained austenite, carbide morphology & 
fractography have also been discussed. The effect of testing methodology i.e 
strain rate effect and tempering time on T.M.E. is little known. 


2.1) Effect of Afoyrag Elements ; 

Systematic research has been made using vacuum melted high purity Fe/C/X 
steels where X is substitutional alloying element 1 . From this study the 
substructure of martensite whether dislocated or twinned has been shown to be 
very important. It has also been shown that this substructure depends on 
composition, especially carbon and Ms - temperature range. In general, attempts 
have been made to use such a composition that will produce dislocated martensite. 
Thus by proper designing the composition of the alloy, martensite substructure and 
mechanical properties can be controlled. These were initial steps towards 
martensitic alloy steel designing. In creating dislocated substructure, small amount 
of very finely dispersed films of retained austenite was found occupying the 
interfaces between martensite laths. Furthermore these has been linked to T.ME. 
of certain alloy compositions . The detailed information about retained austenite 
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will be discussed later. 

In one study by G Thomas* the plane strain fracture toughness values of 
Fe/ur 'C system were found to be greater than Fe/Mo/C. In these two different 
systems retained austenite was detected m former but could not be detectable in 

3 ,£ 

latter This difference m retained austenite can be partly due to the fact that 
Cr is much less potent than Mo in limiting the austenite phase field 6 

It is also well known that increasing the carbon of steel above 0 5 V, 
increases retained austenite. Mn and Ni are strong austenite stabilizers and are 
expected to promote retained austenite The retained austenite was found to be 
increasing monotonically with Mn addition' . Similarly 5% addition of Ni was found 
to increase retained austenite by about ten times compared to base alloy. These 
modifications with Ni and Mn tend to improve the Charpy impact toughness values. 
Thus the composition of steel, in addition to influence martensitic substructure, 
plays important role m controlling the amount of retained austenite and which was 
consequently related to T.M.E. and mechanical properties The T.M.E. phenomena was 
found to be absent in Fe/Mo/C steels which was also linked to absence of retained 
austenite in those steels. In another study by G. Thomas 5 it was shown that steels 
containing high Mn and low Ni content, impact values were wide spread in T.M.E. < 
i.e wide trough). In case of high Ni steels distinct sharp single minimum was 
observed The combined affect of Mn and Si was considered in detail by 
Bandopadhaya etal 9 . It has been shown that the degree of T.M E increases with 
bulk concentration of Mn and /or Si. The effect of those elements was already 
considered in temper embrittlement The embrittlement effect of these two 

elements in presence of "p" is discussed elsewhere. 

It was apparent that alloying additions which discourage cementite 
nucleation and growth can postpone the onset of T.M.E. to higher temperature. 
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These elements include Hi. Si & A1 The carbon diff usivity m austenite and 
martensite as effected by the chemical affinity between C and other alloying 
elements is important. Mn increases carbon dif fusivity and promotes rapid 
nucleation and growth of cementite Ni, A1 & Si do otherwise by discouraging 
nucleation and growth to higher temperature and thus postpone the onset of 
THE 4 This was again supported from the experiments by Ritchie et al ii , in which 
the shifting of T M.E temperature range was linked to the effect of Si enhancing 
the stability of & carbide retarding the formation and growth of cementite. This 
consequently increases thermal and mechanical stability of retained austenite at 
higher tempering temperatures. 

The compositional variations towards T.M.E. was considered in different 
manner by Knowon 15 . It has been suggested that the factor called intrinsic 
toughness controlled by composition is major parameter m T.M.E .analysis The 
various composition studied were of W-Ni steels Earlier it has been found that W 
lowers and Ni enhances the intrinsic toughness of steels 5 ' 14 ’ ts ~ is It was further 
found that addition of more Ni can't improve room temperature impact toughness. 
But the 6W steel having large trough 25 in THE., then modified with Ni additions 
the toughness loss tend to reduce. Thus addition of Ni produced less brittle 
fracture in T. M E. at room temperature & low temperature <-196°C) testing. The 
presence or absence of T.M.E. was considered to be controlled by this important 
parameter intrinsic toughness. Whenever the alley composition is such that it has 
sufficient value of intrinsic toughness the T.M E. is mostly expected. In this 
context Ni although improves the intrinsic toughness it causes T.M.E.. This was 
more apparent in low temperature studies. In contrast to this with low Ni and at 
low temperature testing T.H.E. was found to be absent but overall toughness was 


very low. 
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l fracture toughness as a function of tempering temperature for 

SAE 4340 steel from several different investigations. 


Fig. 2.1 


T . n E. /’Kentwem. observed in different alloy cerrptfsition. 
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22 Impurity Content ; 




In earlier studies of THE. . as intergranular fracture mode was 
predimmantly found, role of gram boundary segregation of residual impurity 

gQ 2 i— ?5* 

elements was considered to be a major controlling factor' ' 

In earlier i96Q’s Capus and Mayer were first to reveal the significance of 
impurities. It was found that alloying additions of Cr and Mn in presence of 
certain impurity elements such as 5, P, and N increased the level of embrittlement. 
To demonstrate this effect different purity grades of steel samples were tested 
T.M.E. was absent for high purity Ni Cr Mo steel but was observed m commercial and 
doped steels. 

Again in 1969, Kula et al demonstrated the existence of T.M.E. in 4340 steel 
by k Ic measurement. It has been reported that impurity-carbide interaction can be 
explained m T.M.E.. It was proposed that the impurity atoms at prior austenite 
grain boundaries are initially incorporated m the cernentite and are then rejected 
from cernentite to provide an easy path for crack propogation 

A massive work was then done on this impurity effect by Briant and Banner ji 
which resulted in series of papers from 1978 23 Concluding about "P” doped steel, 
it was stated that trough in high purity Ni-Cr steel was absent but it was 
observed in P segregated samples. The AES studies on prior austenite grain 
boundaries showed P segregation in commercially and P doped samples. As 
intergranular P & N concentration didn't increase during tempering it was 
considered that segregation was inherited from the austenitization treatment. An 
addition of Mn and Si to high purity steel caused embrittlement and it was 
sH-nihuted to promotion of P segregation in austenite by Mn and perhaps Si. The 



THE. minima was always -found to oe corresponding to maximum in intergranular 
i-racture In -further studies' 1 *, it was stated that testing temperature if is below 
transition temperature which is the case of impurity doped steals tested at room 
temperature, will always show trough. 

Considering sulphur effect it was mentioned that even very low bulk 
concentration of strong embrittling impurities can cause T.M.E. m ultra high purity 
steels There was critical austenitization temperature observed, below which 
embrittlement was absent . This was due to fact that below this temperature sulphur 
was tied up m the matrix as Cr-S. Above this temperature the CrS dissolved to 
grain boundaries. When the cementite precipitation occured on these gram 
boundaries which are already weakened by sulphur segregation, the typical T.ME 
at 350 ° C was observed. The above results were further checked by cooling to 
lower temperature after austenitization at higher temperature with trough found 
due to CrS reprecipitation In another paper it was considerred that sulphur 
segregation depends on austenitization temperature. It was observed that the 
fracture mode before 350° C tempering was transgranular microvoid coalescence 
at room temperature testing. At 350° C tempering intergranular fracture with very 
low fracture energy was found than any other tempering temperatures due to high 
density of interrgranular sulfide. The mechanism of embrittlement found in sulphur 
doped steels was found similar to P doped steels 

About N segregation it was concluded by same workers that 

1. ) N 2 does not act as grain boundary embrittler (in the Ni-Cr steel 

studied) in traditional sense. It is almost tied up as nitrides but these 
nitrides can be quite damaging. 

2. ) If austenitization temperature is low enough (870° O, N is precipitated 

as CrNg at grain boundaries. 



CVN IMPACT ENERGY 
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Below 2'5Q~ C tempering the fracture energy was found to be low and ductile 
intergranular fracture was observed Tempering at 300° C to 400° G results m 
precipitation of F e-,C which causes the fracture energy to remain low. Tempering 
at still higher temperature causes fracture energy to increase due to 
considerable softening of matrix. Furthermore the coarsening of carbides and 
nitrides at gram boundaries also aid in ductile intergranular fracture. 

In general the steels containing Cr or any other strong nitride forming 
element, nitrogen will affect mechanical properties because it is precipitated as a 
nitride rather than it is segregated in it's unprecipitated form. Therefore any 
embrittlement resulting from nitrogen in such a steel will be associated with 
either transgranular or intergranular ductile failure. An oil quench is 
sufficiently slow to reprecipitation of grain boundary nitrides . 

Even though there has been lot of evidences for T.M.E. as impurity 
controlled phenomena many papers were also published showing trough even m high 
purity steels £ > i£ > £7 ~ 30 i n some paper it was indicated that impurity segregation on 
gram boundaries alone is not sufficient to cause T.ME. but the carbide 

90 24 Si S 2 

precipitation along with this is necessary. ' ' ' 


2-3 Effect of Retained Austenite : 

The as quenched microstructure of medium carbon low alloy steel, 
predominantly consists of packet martensite within prior austenite , In earlier 
studies it has become apparent that small amount of very finely dispersed films of 
retained austenite occupying about 0.01 to 0.05 volume fraction can be resolved at 
interfaces between martensite laths in certain quenched and quenched and 



temper ed experimental and commercial steels by sophisticated electron microscopic 
methods The observation of such austenite had been linked to fracture 
toughness properties and empirically it had been shown that thermally stable 
retained austenite can be beneficial S ' 4 ' 7 T.ME. trough found m certain alloy 
composition was also linked with retained austenite decomposition forming 
inter lath carbide films 

The effect of alloy composition on retained austenite is already mentioned 
m earlier sectrions. Heat treatment also plays a key role in determining 
retamed-austenite. Higher austenitisation temperature is found to increase the 
retamed-austenite ' It was found that substantial amount of retained austenite 
can be introduced in microstructure by holding the steel in martensite formation 
region during quenching. 55 Althogh the grain refinement could decrease the 

severity of T.M.E.,the thermal stability of retained -austenite was unaffected and 
occurence of toughness minima can be expected even in fine grained alloys It has 
been further indicated by G.Thomas* that whatever benefits of retained austenite , 
are lost if it is thermally unstable. The austenite stability with respect to 
transformation to martensite on quenching must be related to - 

1) . Between M s - ; the solute elements ; especially carbon will segragate 

to austenite thus lowering M s and also locally further and further 
down leading to untransformed austenite (chemical stabilistationT 

2 ) Accomodation of transformation strains by plastic deformation 

generating dislocations in austenite could also stabilise the austenite 
through mechanical stabilisation S4,$S 

The stability of the austenite with respect to decomposition into «-MgC will 

decrease as the carbon content in austenite increases due to a higher chemical 

© 

driving force for carbide nucleation. Thus those factors which minimise austenite 



ta martensite transition will favour austenite to carbide transition 

The retained -austenite decomposition affect related to T.M.E was then 
Discounted due to the fact that 

1 ) Sub-zero treatment (which removes most of the retained -austenite) did 
not eliminate THE 3S 

2.) There was no retained -austenite transformations involved in 
intergranular failure mode observed m T.M.E. 

Role of retained -austenite on THE. was then focussed in different way, 
based on the new data concerinig distribution, morphology and thermal and 
mechanical stability of retained -austenite during temperring. 2 

4 2 

Ritchie et al have concluded stability of retained -austenite with respect 
to tempering temperature, the presence of retained -austenite can play major role 
m the onset and severity of the T.H.E.. Furthermore, it had been shown that 
irrespective of initial heat treatment procedures, the T M.E. concided with range 
of tempering temperature where retained -austenite becomes mechanically unstable 
with respect to deformation. The earlier consideration of G. Thomas of just 
thermal stability was not accepted fully, as it was found that retained -austenite 
was still present in unstressed specimens even upto 450 ° C (300 M steel) 
Although some fraction of retained -austenite transforms during tempering, large 
amount remains thermally stable but mechanically unstable due to carbon depletion 
and then transforms on subsequent loading. 

2 y §y 

About beneficial role of retained -austenite ' ' , Ritchie et al, have 
discounted it, with the facts that before claiming any beneficial role, it is 
essential to define the stability of the austenite both thermally and mechanically. 
In both cases either it transforms to interlath cementite or untempered martensite 



which result in massive trough. 


keT by Badheshaha and Edmonds* showed that retained austenite 113 s 
present in Fe-Mo-C alloys and was stable upto - 136° C ref enger ation for i hr. 
This disagrees with ‘-lark and Thomas*'" who did not find any retained austenite 
for similar composition & also T M E was found to be absent Study on Fe-i.8v ! - 
'0 25C alloys by Badheshaha et al 5 showed inter-lath films of retamed- 
austenite & embrittlement trough was well defined as compared to Fe-Mo-C 
steels Tempering of above alloy at 290° C revealed that ret amad- austenite 
decomposes into laths of cementite at martensite boundnes .At 350° C C within 
THE trough ) limited coarsening of inter- lath cementite was detectable Also as 
at 290° C all the retamed-austanite had decomposed., impact curves had not 
showed full embrittlement & embrittlement was rather more complete at 350° C. 
Another distinct conclusion of the same workers showed that mechanical 
instability of retained-austenite has no role in either Fe-Mo-C or Fe-V-C type 
steels , since net only embrittlement was present in absence of retained- 
austenite (due to tempering ) but the embrittlemented toughness values fell below 
those of the as quenched specimens 

Again the model suggested by Sarikaya et al # indicated that the stability 
of the retained-austenite is of primary significance m controlling the 
properties. The carbon partitioning was found m retained-austenite where 
Carbon levels of austenite raised above 2.5% and more than 5V, at 

martensite/austenite interface. Bainite-like structure was another interesting 
feature of observations, but the mechanism of the formation of this phase 
was not clarified . The instability of the retained austenite was analised by T.TT. 
diagrams. Two such T T.T. curves for 0.3% and 1% of carbon were plotted 
simultaniously .The tempering of 0.3% carbon steel to 300 to 400° C, in 
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which retained- austenite had decomposed corresponding to well above the Ms 
temperature on carbon enriched ret a mad- austenite (approx 120° C; and was 
found to be m bainitic region. The resulting microstructure was 
diEooniimous stringious of carbides at lath boundnes due to austenite 
decomposition and so similar to upper bainite structure jS Thus, austenite can 
change the kinetics of transformation. 

According to work done by Bandyopadhyay 59 on the role of retained 
austenite m the 7 M E range, the transformation of austenite leads to 
decrease in maximum stress m front of notch. It was further noted that for a 
particular steel there was smaller drop m value of max-stress for larger 
austenite transformation 

Another steel showed smallest amount of retained austenite but largest value 
of max-stress. Thus, it shows that the retained austenite was not the factor to 
increase the toughness. This correlation of retained austenite transformation ( 
by magnetic measurements) and max-stress value was found to be quite different 
for low temperature test .The retained austenite at prior austenite grain 
boundries is one of the cause stated by Sastry and Wood 5 * for T ME, when the 
austenitisation temperature was 1200° C As usual practise , the 

austenitisation temperature is 850° C , in which very little austenite would be 
found at grain boundries the above reasoning was denied by Bandyopadhyay et 
al" The region of 0.4% carbon, retained austenite decpomposition produce less 
than the 10% vol .fraction of carbide. Futhermore the thickness of retained 
austenite found was not greater than 0.05 microns. It therefore implies that 
the resulting carbide must be of 50 A°. Such a films are assumed to exacerbate 

the effect of sulfure or Phosphorous .The thickness of carbide films found by 
Bandyopadhyay et al S9 were of different size & so assumed to be due to 
decomposition of martensite & not by austenite. 
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ZA ROLE OF CARBIDES & NITRDES : 

first it was urossman 40 , who proposed definite link between 
sequence of carbide precipitation and THE. Again kinglev et al 4i suggested 
embrittlement was concurrent with formation of platelike carbides replacing 
epsilon Carbide Many workers related TME with coarsening of carbide films >' 
Fe 3 C ) which were generally observed to form at grain and lath boundries 42 
Further more interaction of dislocation density and coarse carbide has bean 
found TME trough was displaced to higher tempering temperature in steels 
fractured below room temperature 

Rigorous study of T M E showed an important feature that, for all 
treatments epsilon- carbide . identified as the hardening carbide at peak 
strenth < & peak toughness ) was replaced by cementite in embrittlement range. 
Furthermore it was shown that cementite had precitated as discontmuouse films. 
From the study of B & E inter-lath cementite precipitation in Fe-Mo-C alloys 
tempered at 190° C was found .The lath boundries did not revealed any cementite 
precipitation (although retained austenite was found) So T M E was considered 
due to inter-lath cementite in such type of alloys. At higher temperatures 
above 295° C retained austenite decomposed to give cementite films. These films 
were found to be discontinuous as they came from 100 A° thick retained 
austenite films. The cementite nucleates at several positions of austenite 
/martensite interface , so the final decomposition product was small discrete 
cementite particles at inter-lath boundries . The cementite was found to be 
oriented with respect to martensite matrix which is energitically favoured also it 
was in contact with both martensite & austenite. The microstructural 

observations around both the cracks indicated crack nuoleation role of 



cement ite rather than easy fracture path Ni-plated fracture surface of above 
composition showed trans-lath fracture indicating similar crack nuclsation rcle of 
cementite Analysing carbide effect on THE 5 5 expressed that even tough the 
intergranular fracture was found m high P (also by Banerji et al £ ’ 3 ) , it could 
be possible only after tempering above 200° C. Thus presence of P at grain 
boundaries by itself , is therefore not sufficient to cause TME. A tempering 
reaction at austenite gram boundary is of austenite decomposition to cementite 
and ferrite or cementite pricipitation from tempered martensite is also 
necessary to produce THE associated with impurities and intergranular fracture. 
There was no evidences of cementite at prior austenite grain boundaries and 
therefore it led to conclude that the fracture must be transgranular for low P 
steels 

From the observations by Briant 43 the extraction replicas of specimens 
m T M E range showed increase in carbide density (espessially at 300° C) , 
with higher tempering temperature the density was found to be still higher. In 
all cases the carbides were ribbon shaped and of MgC type The X-ray 
spectrum on analytical electron microscope showed that the carbides were FegC 
and no alloying elements were introduced. Critical observations about carbide 
thickening showed that it occurs with increase in temperature and also decrease 
m number of carbides below 0.01 micron was observed. The carbides near the 
gram boundaries were no thicker than those found m matrix, but they were 
significntly long. The length found for matrix carbides was typically in the 
range of 0.3 to 0.6 micron and those found at the gram boundaries were 1 
micron long. Both inter and mtragrannular carbides appear equaly predominant 
after tempering at 250° C and 300° C. It is only after higher temperatures., 
the length of the grain boundary carbides become significantly greater than 



those in matrix. As the temperature of tempering is increased the carbides 
along the gram and lath boundries become more closely spaced Although 450° 
C tempering should produce spherodization, Briant had found similar ribbon 
shaped carbide morphology. Also no incorporation of alloying elements in carbides 
was found even at 450° C tempering The extraction replicas of as ausnched 
specimens also showed Fa^C or FegMoC which were the undissolved carbides 
formed & retained after normalising & austenitising. The Mo & C r partitioning into 
cementite during pearlite formation had already been found. For such experiments 
cooling rates were slow enough to permit partitioning of alloying elements into 
cementite St also these carbides are more stable than cementite In most of the 
cases large microvoids were formed at inclusion particles & were joined by 
smaller voids nucleated at fine undissolved carbides. The cocentra ted shear 
band between the crack tip & large voids opened up many very fine microvoids at 
the undissolved spherical carbides. In absence of these fine particles, large 
void may either grow to join the crack tip or fracture may occur by shear de~ 
cohesion between the void & oraok tip. Thus fine undissolved carbides also 
play an important role in ductile fracture. Further Curry & Pratt 44 had 
shown that the nucleation rather than growth of fine voids at carbides is 
critical process during duotile crack extension. 

It was shown by Briant* 5 that carbides can aid in all three types of 
fracture i.e. ductile, intergranular and cleavage and in all cases it decreases the 
fracture energy. 

i.) The cleavage type fracture can be produced by carbides f s The 

cracks produced in carbides if grows long enough to propogata 
into matrix leads to cleavage. Thus the carbides must be larger 
than critical size, if they are to initiate cleavage otherwise 



the cracks formed m the carbides will be too small to propogate into 
matrix 

2 i The carbides also C 3 n aid ductile fracture to decrease the toughnesstas 
t'ias found by Cox et al In such a situation small micro voids 
formed around the carbides help in linking up the larger micro voids 
formed around inclusions If the carbides are not present, these 
microvoids around the inclusions will grow until they coalescence; but 
introduction of small microvoids around the carbides allows 
microvoids to be connected at lower strains. 

3) It is also assumed that the carbides aid m intergranular fracture, but has 
no evidences. The carbides either could provide locations against 
which the dislocations could pile-up to initiate a crack along an 
impurity-weakened-grain boundary or they could crack, as for 
cleavage fracture. When grain boudanes are weakened by 
impurities, the crack would proceed along them rather than matrix. 

There must be critical size of carbides to initiate such a 
intergranular fracture.The carbide/matrix interface at gram 
boudaries are more easier path to propogate than without 
precipitation of carbides. 

In study of commercially pure 4340 steel, Briant 43 found that the 
fracture mode was ductile below 3Q0°C tempering. The fracture surfaces showed 
very fine voids that had sizes typical of precipitated carbides. Thus carbides 
aid m ductile to decrease the toughness between 200*0 to 300*0 (initial T M E). 
A similar mechanism was proposed by Schwalble and Backfisch 4 ' who were able to 
relate a decrease in fracture energy with decrease m void size measured from 


carbon extraction replicas. 



For 1 dm P steels 




2 


no intergranular fracture was observed m as 
quencnsd steals but maximum amount of intergranular fracture was observed only 
after tempering temperature of 35Q*C Thus it was suggested by Briant 45 that 
for a given level of segregation (depending on initial impurity content and 
tempering temperature; of an embrittling impurity, there will be a critical 
carbide coverage m terms of size and population required to produce 
intergranular fracture As only specimens of high and low toughness values in 
T M E range were examined, it is difficult to correlate gradual increase 
in intergranular fracture between these two tempering temperatures 


25 Fracture Modes: 


There has been lot of work performed to analyze the fracture modes 
occuring around T. M. E. .Some of the findings are tabulated m the next page & 
critical points are reported here . 

The sudden decrease in ambient temperature charpy V-notch impact energy 
& an increase in Charpy transition temperature during tempering was 
historically associated with an increase in intergranular fracture during 
failure 40,4 1 However, later work showed that fractures in THE range were not 
always intergranular; other modes such as cleavage, quasicleavage, fibrous, mixed 
ductile-brittle , martensite translath , interlath/packefc were observed. 

It was clearly demonstrated by Horn et al i£ that intergranular fracture is 
not nesessarily a characteristic of T M E, partcularly in commercially important 
steel. The various mechanisms leading to various fracture modes are considered 



by Pitcme & Horn 1 *; they are 

T rans-gr anular Cleavage :- 

when the level of impurities & r etamed-austemte is small, the dominant 
embrittlement mechanism is the tensile fracture of carbides . resulting m trans- 
granular cleavage. 

Interlath- Cleavage 

Consequence of mterlath carbide precipitation is mechanical 
destabilation of remaining inter-lath austenite resulting in largely stressed 
assisted transformation to an inter lath layer of untempered martensite . This 
provides major contribution to embrittlement resulting in inter-lath cleavage 

fracture mode 


Jittjrrrar;. ilar fracture > 

From studies of Banerji 23 , in steels containing sufficient residual 
impurty content, or microstructure particularly susceptible to grain boundry 
embrittlement < i.e. coarse grained structure ) ; such impurities particularly P, 
will tend to segregate to prior austenite grain-baundry during 
austenitisation. In the embrittlement range , the combination of cementite 
precipitates & impurities at prior austenite grain boundries will lead lowest 
cohesion at carbide/matrix interfaces ( near gram boundry ) resulting inter- 


granular cleavage. 



Mixed mode or fibrous fracture mode 


3f the temperature of testing is above the ductile / brittle trasition 
temperature then mixed or fibrous fracture mode may result. 

It was seen ny Materkowski et ai" 5 that the size of cleavage facets was 
of the order of the martensite packet size and was considerably larger than 
the size of fine quasicleavage facets observed m as quenched specimens. Further 
more by finding large amounts of cleavage, which was transgranular to prior 
austenite gram structure The interlath fracture mode which was found by 

2,i2 

earlier workers was disagreed 

Although in THE, the retained austenite decomposition was being 
assumed, the fracture mode was found to be across the carbides rather than 
along the carbide matrix interfaces or along the lath boundaries Such a fracture 
mode found to be associated with plate shaped carbides, is observed m extraction 
technique from the fracture surfaces in 4340 steal . Similarly, translath 
cleavage had been observed in THE of 0 .6% C steal by King et al. 27 The findings 
of Smith et al‘ t7 showed that, the interlath carbides apparently crack first under 
load and initiate cleavage cracks on most favourably oriented cleavage 
planes at the martensite packets 

The fracture mode observations by Briant* 5 for samples tempered at 
250°C showed trans-granular features with large elongated voids centered 
on MnS inclusions and finer voids between them. The tempering at, and 
above, 350°C produce significant intergrannular fracture mode. Although in T M 
E range the impact value is decreasing constantly, intergranular fracture was 
found only at 350°C Fracture surface morpholody was observed to be changing 
in specimens at 200°C, 250°C, 300°C. The small voids, for higher magnification, 
were located between the larger voids around Mn-S inclusions which were circular 



ana uniform in size The small voids fO 1 to 0.5 micron dia.) were exactly 


matching 
was sncwr, 
nucleation, 


the size of carbides which were precipitated m T M E range .Thus, it 
that tempering m T M E range produces more sites for void 
which causes ductile fracture energy to decrease. 
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ZB Effec t of Evajuation Methodology : 


;hars has seen ’.’ary little work done about evaluation methodology 
especially to see its effect on the TH.E. 

walner and May^ 3 have not found a minimum in room temperature kj c values in 
N-Cr-Mo-v’ steel f later kowski et al " working on high and low "P" 4340 steely have 
found no T hi E trough in kj r testing for low "P" content steel A narrow transition 
zone had been found, between pre-crack and overload fracture surface of compact 
tension specimen The zone was very narrow and was consisting promanly of 
ductile fracture This was followed by brittle cleavage mode .The improvement in 
toughness values was attributed to this narrow zone to the lowered rate of work 
hardening and the associated ease of dislocation motion. The yield and fracture 
s t ress of martensitic steel tend to approach each other with increasing tempering 
temperature It is an indication of reduced work hardening that developes on 
tempering and had been related to dislocatioin interaction with the coarse carbide 
particles that developes in martensite on tempering Swarr and Krauss * 0 found that 
as quenched specimens was due to the developement of well defined dislocation 
cell structure, while the low rate of work hardening of tempered specimen was 
related to maintainence of relatively low uniform array of dislocations. The ready 
bypassing of carbides in tempered martensite prevented the accumulation of 
dislocations into a cell structure with increasing deformation. 

Materkowski et al" showed that the low rate of work hardening in low V P" 
350° C tempered specimens permit the developement of large amount of strain 
around carbide particles during the initial loading and crack extension of kj^ test. 
It therefore produces the observed zone of microvoid coalescence. 

About inconsistency in T.M E. evaluation (kj c and CVN testing), Zia et al 



indicated that the kj,_ testing aiternpts to measure 3 material property related only 
to the extension of an unstable crack In CVN testing vanuous asDeocts of 
fracture are evaluated, including both ductile and brittle crack extension. The 
complex fracture induces an -additional difficulty in compansion of two different 
methods 

In very recent study a new technique of dynamic toughness testing is being 
introduced 5 J In general it was observed that the steel is tougher under dynamic 
loading than in static loading for all tempers. This was found to be more prominent 
at high temperature studies Dynamic loading results m a shift of the ductile to 
brittle transition temperature towards higher temperature. There is little 
influence of strain rate on the flow stress level m shear but it has strong 
influence on ductility of material There is considerable loss in ductility with 
higher strain rates. It must be noted that only peaks of fracture initiation energy 
are recorded in dynamic testing and no energy is being accounted for crack 
propogation This is f^.-demertally different from usual Charpy toughness test 
Another interesting feature of this dynamic loading was that no T.ME trough was 
found even after clear indication of carbide precipitates The TM.E. can only be 
found when test temperature is below transition temperature The static testing 
produces less pronounced trough. For 350 s C temper, tested at room temperature 
and above showed fibrous fracture mode in both dynamic and static loading but 
higher fracture stress in dynamic than static was attributed to higher flow stress 
that prevail at higher strain rate. Chi et al 52 found no trough at 350° C in kj c 
testing, But the T M.E. was observed with more pronounced trough in dynamic 
testing at low temperature 

In another recent study by Lee et al 53 , it was stated that shallow trough 
(less severe) can be found in k Ic testing as compared to CVN testing. Crack tip 



olunt mq of kj_ specimen was observed ar.d was related to void formation around 
inclusions As these voids grow, the deformation becomes localised into 
irter.se shear bands between the voids. If a fine dispersion of carfides is also 
□resent in the matrix, then the high strains within shear bands also can cause 
microvoids to form at carbide matrix interfaces. Voids will form within shear band 
and fracture will occur As the larger inclusions were placed wider, more 
pronounced role is played by carbide particles closely spaced, in detter mining kj r . 
Thus the decrease in k Jc brought about by tempering at 350* C is attributed mainly 
to decrease in spacing of carbide (cementite).At higher tempering temperature the 
carbides are more spheroidal and larger, so are not able to nucleate as many 
voids. Also the steel becomes softer leading to improve the kj n values This was 
further 'verified by high austenitisation temperature studies. 

Comparing the two different toughness values <kj c and CVN) it was observed 
that larger amount of intergranular fracture was present m CVN tested samples 
than kj c . This needed careful observation m two different situations. It is also 
well known that each has its own associated stress field in fracture origination 
regions, strain rate , and specimen dimension requirements. In Charpy test as 
stress controlled fracture process i e. quasi-cleavage and intergranular fracture 
was present ahead of blunt notch, the TM.E. was attributed to decrease in 
fracture stress. Fractographic evidences has also indicated that for Charpy 
samples in T.M.E. range (350* C), fracture initiation and first stage of crack 
propagation occur mostly by stress assisted fracture to intergranular type and 
this lead to conclude that the crack initiation is created by carbides and then 
propogated by intergranular cracking through the weak grain boundaries due to "P" 


effect. 



2.7 The Testing Temperature and TME. ; 


Although tne T H.E has been found at room temperature testing it became 
necessary to see the effect of testing temperature on the most critical phenomena. 

Ripling showed the importance of test temperature as a criterion for 
evaluating TME. on unnotched tension specimen, he found no discontiuity m room 
temperature testing for all tempers. At low temperature testing minimum in 
properties like reduction in area and fracture stress for 500 F temper was 
observed. Rickett & Hodge" were the first to show by impact testing carried out 
over a range of temperature that T M. E. was manifestation of the change m 
transition temperature with tempering temperature 

Lauia & "Vim irwil rj i0 studied the tensile & fracture toughness of SAE 4340 
steel as function of tempering temperature & test temperature . They attempted to 
relate K Ic to the strain hardening exponent . 

From the study of Kula et.al 20 , it was observed that severity of T. M. E. 
depends on several factors relating to surface resulting from the three 
dimes ional plot of toughness (energy) ,test temperature & tempering temperature 
These are : 

% The reference or test temperature & it J s relation to transition 
temperature , 

* Rate of change of transition temperature with temering temperature , 

* Rate of change of energy value with tempering temperature , both above 




& bale; i the transition , 

-f The sharpness of transition temperature region. 

A narrow transition region . a, large change of transition temperature with 
tempering temperature .h test temperature lying within the transition temperature 
will ail tend to gi-'e a greater manifestation of embrittlement . 

For Charpy test , the transiton region may not be sharp in case of high 
strength materials. Unfortunately there is little information on transition 
temperature for fracture toughness values Although it has been found that the 
« , r values does '.•ary with test temperature , the transition is less sharp , if a 
transition m it’s true meaning does exist at all. 

From the study of high & low P content of steel it was shown that transition 

temperature is raised lay P strongly. 

It was suggested by Bandyopadhyay et al 39 that the shift in trasition 
temperature due to 350 s C vs. 250* C tempering shows that the room temperature 
is in transition range for 350* C ; but not for 250‘C tempering .So energy minimum 
should be observed at all test temperature below room temperature for 350 C 
tempering. It was again confirmed that transition temperature goes through a 
minimum corresponding to minimum in fracture energy. The actual minimum in Kj c 
valufes from two different studies by Kula et. al 20 & King et al was found for 
higher tempering temperature specimens tested at low temperatures. 



SAE 4340 STEEt 


32 



— Plane stress and plane strain fracture toughness as a function of 
testing temperature for various tempering temperatures . 
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ZB Effect of Tempering Time : 


The tempering operation is temperature and time dependent, i empermg at 
different time may change the morphology and fracture behavior of tempered 
martensite. But there has been very little research towards this issue. 

This factor has been considered by 3 Thomas* It has been shown that- 
tempering for ■•'ery long time <1315 hrs) at 400° C, for Mn containing steals, change 
the fracture mode from quasi cleavage with many "ridges" to intergranular 
fracture which is the case of T.E The impact values dropped with increasing time 
at temperature within T.M.E.. The intergranular fracture was not observed for 1 hr 
tempering in all temperatures within T.M E Again this was supported by Horn j 2 
stating that T.M.E. is time dependent at different temperatures i.e we may get 
embrittlement if longer time is provided below T.M.E. temperature range Importance 
of time has been overlooked in different way Nakashima et al 4£ The studies show 
rapid induction heating and cooling will supress the embrittlement. It was assumed 
that the globulisation of cementite particles during third stage, will reduce the 
effect of embrittlement otherwise due to elongated ribbon shape The globular 
structure is expected to increase toughness values. During induction tempering the 
high heating rates (i.e. very small time) associated with stress gradients influence 
the nucliaticn and growth of the cementite. A greater nucleation sites may 
contribute to a wider distribution of the cementite while very short time may 


minimize the growth of elongated films. 



23 Mechanisms of TME.: 


As the work on THE has proceeded ’various mechanisms have been proposed. 
Eeme or tr.e mechanisms points towards factors considering particular cases As 
trier e are various factors involved m T.ME. a generalized solution have not yet 
Dean successful found out Soma of the mechanisms put forward are discussed 
here 

1 .> Ferrite Grain Baundr^ Network : 

Grassrnanrf ' noted that the fracture surface of embrittled steels contained 
many bright, inter crystalline facets. From metallographic observations, he 
concluded that a ferrite gram boundary network was responsible for the 
embrittlement, and not retained austenite, which had been an earlier view. 

2.) PresMM^iSQ Q£ Cementite : 

Kmgler et al 4 1 observed that embrittlement was a time-and-temperature- 
dependent phenomenon and was associated with the early stages of precipitation of 
cementite from martensite. They felt that localized precipitation of cementite at 
prior austenite grain boundaries and the ferrite network surrounding this 
cementite was the cause of the errtbr ittllement . 


3.> Inter-lath Cabide Film •* 

It was suggested by Lament et al 5s that a continuous carbide film at 
martensite plate boundaries forming in this temperature range could be the cause 
of embrittlement. 

Nakashima and Libsch 4 * found that tempering by induction heating avoided 



terrier ed -nartensits embrittlement and also tended to form globular carbides at 
Ira start of the third stage of tempering 
The association cf embrittlement with the precipitation of cementite was also 
confirmed by tne effect of silicon on tempting Allan and F'ayson 55 , Shih et al^' 0 
and Hlstetter et 3l <r ‘ showed that an increase m silicon content raised tne 
temperature at which cementite formation began and also raised the temperature 
for the minimum m impact energy. 

Thermomechanical treatments, such as the formation of martensite in cold- 
uorksd austenite, have been found to alleviate the tendency toward embrittlement 
on tempering by shifting the impact transition curve to lower temperatures^ 2 

4.) Impurity Element Effect : 

2 i iC® 

Considerable evidence has been gathered; especially by Capus J , that 
impuUty elements play an important role in controlling embrittlement. High-purity 
steel shows no tempered martensite embrittlement, and the transition temperature 
decreases continuously with increasing tempering temperature. Additioins of 
certain imputity elements, phosphorus, arsenic, antimony, tin, nitrogen, and silicon 
may lower the supertransition energy level and give rise to a maximum in the 
transition temperature at some intermediate tempering temperature 

Then after, transmission electron microscopy was used to study the 
structure of steel tempered m this range Baker et al* 4 noted that the 
improvement in toughness on tempering beyond the 500 F embrittlement range was 
associated with a spheroidization of carbide particles at martensite and twin 
boundaries, recovery in the high dislocation density array, and elimination of the 
twin boundaries. The actual embrittlement was aided by preferential paths for 
crack propagation provided by the carbide films. 



5.> Precig^aimn & Dislocation Interaction 


Somewhat different conclusions were reached by Banerjee* 5 '*". He concluded 
that tempered martensite embrittlement ’’as well as temper brittleness, which 
occurs in certain steels at about (1000 F« was associated with the simultaneous 
resolution of a metastable precipitate and reprecipitation of a more stable 
precipitate. Ha felt that a higher dislocation density, together with looking of the 
dislocation intersections and logs by the precipitate, was the cause of the 
embrittlement. 

6.) Change In Fragtgre Mode 

Bucher et al s7 have studied the structure of high-strength steels by 
electron fractography. They showed that the fracture surfaces of Charpy impact 
specimens tempered in the embrittlement range contained high proportions of gram 
boundary fracture (upto 40 whereas the fracture surfaces of specimens 
tempered below and above this range were predominantly dimpled rupture of 
cleavage. These results strikingly confirmed the relationship between tempered 
martensite embrittlement and grain boundary fracture. 


?.> Mecfr Instability of Retained! Arstenite: 

According to conclusions stated by Horn et al i£ , THE was 
considered to be combined effect of mechanical instability of inter-lath films 
of austenite 8c replacement of epsilon-carbide by precipitation of inter-lath 
cementite . Carbide was seen at the same locations as films of high carbon 
austenite. This high oarbon retained-austenite on lath boundries can then act as 
primary source for the precipitation & growth of embrittling carbide films at 
austenite - martensite lath interfaces, Once the carbide forms , the austenite 



becomes depleted in carbon & accodingly becomes mschahically instable'., it was 
shown by chcnge of r etamed -austenite lattice parameter with carbon deplition/. 
On da formation the unstable austenite transfoms to leave an embritlmg films 
c x ur.t ampered-mar- tcnsit e on lath boundries in same locations as embrittling 
cement it e crscipitate- When retamed-austenite is less , embrittling effect of 
inter -lath cementite was shown by trans-granular cleavage fracture mode, 
presumely initiated by the tensile cracking of gram boundry / inter-lath 
carbides. For large amount of retained -austenite fracture mode was inter-lath 
cleavage showing dominant role of retamed-austenite than carbides 

8.> Coarsening of Carbidesr 

From the study of Bhadheshia at. al 5 , it was shown that in earlier stages of 
embrittlement when retained austenite had not decomposed, T.M.E. was controlled by 
intra-lath cement. ite Even at 295° C. The decomposed cementite is not coarse as 
inter-lath cementite. At 480° C, coarsening of inter-lath cementite was observed, 
which was considered for controlling T M £ . .Furthermore different controlling 
factors operates m different compositions. In case of Fe-Mo-C steel, the coarser 
intralath cementite acts as controlling factor in T.ME and retained austenite or 
its subsequent decomposition product, i.e ./finer dispersion of interlath cementite 
has no effect as such. For Fe-V-C steel as it contains ,more retained austenite and 
the T.M.E. is assumed to be attributed to coarsening of inter lath cementite formed 
due to decomposition of retained austenite .In Fe-Hn-Si-C system as retained 
austenite is completely absent it gave only intralath carbide (very fine due to Si) 
and no embrittlement due to transition from epsilon to cementite. This also 
suggests benificial role of Si for temper resistance. 
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9.) Therma l I nstabilit^i of Retained Austenite : 

Ft cm the study of u Thomas , THE. was assumed to be associated with the 
Decomposition of retained austenite into carbides at the lath boundaries due io its 
thei rr.al instability This instability wa.s assumed due to thermodynamical 
requirements associated with the carbon levels retained after quenching. The main 
factor affecting fracture m T.M.E. was appeared to be the size and 
microstructu'-'e on slip distribution and crack initiation. The carbides so formed 
restricted the slip with the lath and did not permit easy crossing of slip from 
lath to lath unlike the strongly influenced by the austenite decomposition. 

±0.) Inter srranuL ar Carbide Failure : 

The contribution made by inter-lath carbide for embrittlement, initially 
suggested earlier ' ' , wasn't assumed to be of major significance by 
Bandyopadhyay et al As T.H.E. was found to be correlated with intergranular 
fracture (due to c,roo J .pit:<tion mechanism for T.M.E. was considered to be the 
transformation of intergranular retained-austenite was not considerred as a 
controlling factor. Tkhe toughness minima was found to be consequence of 
reduction of retained and T.M.E. was not given, the presence of carbides at prior 
austenite grain boundaries, which were already weakened by segregated impurities 
lead to T.M.E. 

The mechanisms of T.M.E. concluded by Zia et al 59 suggested that it is not 
only associated with brittle type fracture taut also with the change m work 
hardening rate which affects the deformation process in Chappy specimens . i he 
models of tr ans-granular cracking showed by various workers due to formation of 
coarse carbides on tempering reduce the critical stress required for initiation of 


brittle crack. 



Experimental Procedures; 


3,1 Mate rial : 

The material used m present investigations has following composition 

t.,;er'j close tc AISI 4135-' Currently this has been used m chain links of earth 
r.-,y mg equipments and ether high strength applications 


c x 

Mn % 

si y 

( s + p) y. 

Cr % 

Mo y 

0 33-0 37 

1 1-1.4 

0 35 MAX 

0.05 Max 

0 3-0 5 

0.15 


Ingots of this material were first rolled to 4" X 4" billets and then forged 
All the samples required ware machined out from forged billets. 


32 Preparation of Test Specimens ; 
a) Charpy v tMsb Smeimm' 

Standard Charpy V notch samples were prepared according to following 

dimensions ' 

Length of sample = 58 mm 
Area of cross section = 10 mm X iO mm 
Depth of V notch = 2 mm 
Angle of notch = 45* 

Notch root radius = 0.25 mm 

ertAri i ej <^hown in the figure 3.2a 





b) K| c spe cimens - 


iDS-iirranr for •*"-acture toughness testing were prepared as per ASTM 
staroa** as Three point bend test was carried out to evaluate the fracture 
toughness. In ardor to find valid Kj c values, the necessary requirement of 
thickness of tne sample which will produce plane strain condition is mast 

important This is being confirmed by following relation. 


B £ 2.5 £ 


K iC rZ 
CFys 


Where , 


S' 

Thickness of specimen. 

Kr- 

iu 

Estimated fracture toughness. 

CTys 

Yield strength of material. 


The specimen used in case of tempering temperature 200“ C, 250* C, 300* C 

had following dimensions (small samples) 


Thickness B 
Width W 

Total length L, 
Span S 


16 mm 
32 mm 
152 mm 
128 mm 


Crack to width ratio ^ = 0.45 to 0.55. 


When it had been found that the fracture toughness test gave invalid 
results using above dimensions for 400* C, bigger specimens having thickness 15 
times that of previous sample were used. According to this thickness* other 



4i 


dimension.! eiso change and arc as follows (big samples) 


Thickness 

E 

24 mm 

Width 

W 

48 mm 

Total length 

' L 

200 mm 

Span 

5 

1S2 mm 


Tne crack length & include both the depth of notch and the length of 
fatigue crack. The fatigue crack starter notch was machined in the specimen 
before the heat treatment. The specimen is shown in the figure 3.2 b 


33 Heat Treatment; 

All the samples of Charpy V notch test & plane strain fracture 
toughness test ware heat treated according to the following schedule : 


Austenitisation temperature : 

- J 1 1 " 1 " 1 1 1 ' 1 

I 

870- C 1 | hr.. 

i 

Qucrchi-g 

: in oil ( Room Temperature) : 

A) 

Tempering 

: for CVN test 


for 1^ hr®. 

200, 250, 300, 350, 400 * C 



For Kj c test 



200, 250, 300,400 ,450, 500, 550*C 

B) 

Tempering at varing time 

for 350 *C ( CVN test ) 



2,4,8 hrs 



tt-' iviiiperirv' jll tne samples were air cooled to room temperature 
,,il :r o h®--> t'-ea* m*nt y are carried out m muffle furnaces with electronic 
tor <i'.,re cont^clltTS • Pi Rh and Chrome - Alumel thermo couples were 
used r c- '"..''ir.ifu ; c o e-_ -<s jrements Cast iron filings were used to cover the 
samples her presorting or minimising dacarbunsation and oxidation of samples 


3.4 Mechanical Testing: 

a] For i^apcct toughness testing a pendulum type Charpy V-notch testing machine 

was used. Hammer velocity was 3 3 m/sec in accordance with ASTM standards. 

b) Kj c specimens were tested using a Material Testing System (MTS 810 model; 

machine of 10,000 kg capacity. The samples for fracture toughness testing were 
first subjected to fatigue precracking, cr^ /cr maj£ ratio was kept + 0.1 during 
fatigue . . J.ivj If the loed cycle is maintained constant, the maximum K 

(stress intensity; and the K range will increase with crack length Higher k 
values result m undesirable high crack growth rates. Therefore both maximum 
and minimum loads were continuously decreased with crack length keeping 
<W°’*ax constant The frequency used was 15 Hz. The testing and evaluation of 
fracture toughness values were carried out in accordance with the ASTM 
standard - E399. All the fracture toughness values were found to be valid K ic 
values using minimum specimen thickness criterion with different samples of 
different strength levels. 


C) Hardness testing was done on a Rockwell Hardness Tester using C scale. 

Large number of readings were taken on throughout the specimen and then 



3 S r :‘rv.;.v Bcctron Microscopy: 

I" o r der .analyze tne mi crostruci ures present in different tempering 
conditions x c- witn ,‘iryinq time and temperature of tempering), use of 5EM as 
meialicw •or; :, tool was made Also the fracture surface studies were made using 

the seme microccopa vJEDL SM 840, 1 

3*) A) : The samples needed for metallography were prepared 

from the Cbaroy and K,_ specimens. In this case, specimens of different tempering 
conditions were cut parallel to the fracture surface. These were then rough 
polished on emery papers and then fine polished. The etchant used was 5% Nital 
solution In order to reveal the true microstructure reetching and repolishing was 
done Etched samples were then observed under SEM. In case of quenched and 
tempered steels, the microstructural features cannot be revealed under optical 
microscope Microstructural studies under SEM were done using two types of 
signals « 

1.) S' . electron signals ( S.E. ) 

2 > Backscattared electron signals (BE.) 

P'-i: ic-.l'u S.E signals come from the shallow regions of etched samples and were 
due to the etching difference of phases present in the samples. The B.E. signals 
are produced according to compositional difference in adjacent areas and they 
come from deeper regions of sample. It was noted that the image produced by B.E. 
signals was not sharp and was rather weak. The images produced by S.E signals 
were satisfactory. It was confirmed that the microstructures obtained m two 
different modes of signals were one and the same. In this way the elimination of 
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any etching faults was possible, which otherwise would have interfered with the 
rmcrostructural features The accelerating voltage used was 20 kV for both 
met 3 llogr a aphic and ■ f ractog'-apnic studies 

3 5® F ractography : The f actured samples from CVN test and fracture toughness 
test were cut to analyze fracture modes present m different tempering conditions. 
In this study also, the SE. mode has been used with different levels of 


magnifications 







H io (- 


Charpy V notch specimen 



pecimen (three point bend) 


dimensions are in mm) 



Fig. 3.1 
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4 

Experimental Results aid Observations: 


The experimental results obtained in the present investigation for the 
given steel are reported as follows: 

4.1 Variation of with Tempering Temperature: 

Haraness values of the steel used m this investigation for various 
treatments are given in the following Table 4 1. The values reported are the 
average of a large number of readings taken for each treatment. 


Table 4.1 


Tempering Temperature <*C) 

As 

quenched 

200 

250 

300 

350 

400 

450 


55 

50 

48 

45.5 

45.0 

40 5 

38 0 


Figure 4.1 show the hardness variation with tempering temperature. The hardness 
decreases with increasing tempering temperature. The decrease in values are more 
rapid after 250* C. 


4 • 2 Charpg Impact Toughness Kariation: 

The Charpy V-notch impact toughnes values for various tempering 

temperature are shown in following table 4.2. These are based on average of three 
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Table 42 


1 

f ’’'empering Temperature C) 

Impact Energy ^ 

J As Quenched 

22 5 

j 200 

106.8 

1 250 

j 

61.7 

300 

1 

48 5 

I 

i 350 

j 

li 76 

i 400 

j 

29.4 

j 450 

63 6 


Figure 4.2 shows variation of impact toughness with tempering temperature 
From as Quenched condition the impact values increases upto 200° C and after that 
it starts decreasing upto value less than as quenched specimen at 350' C The 
values are again m-.reasir ? above 350° C. This is the classical T.M.E. trough 

obtained m this type of steel. 


4.3 Plane Strain Fracture Toughness . (KjJ. Kariati o n: 


The result of plane strain fracture toughness testing using three point bend 


test are shown in following table 4.3. 
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Table 4.3 


? emt ’ot jn-j T i i r,ipy oture 1 O 

Fracture Toughness iMPatfrin 

j v*o 

53 5 

050 j 

■ 

82 0 

j 20U 

115 

j 4 no 

82 0 

**50 

33.03 

f/JO 

66.45 

:-50 

130.46 


In csze or Diana strain fracture toughness using two different types of 
specimen sizes, according to requirement of valid K Jc in different tempering 
conditions, are tested Figure 4.3 shows the occurence of T.ME. still in Kj c 
testing but there is shift of 100’ C in the T.M.E. range as obtained in CVN test. 
This shift, of T M £ has been observed only due to testing of tempered specimens 
in the whole rang® of temperature The earlier results have bean found only upto 
400’ C m which the possibility of T.M.E. at 450* C have been ignored. Thus the peak 
of TM E. trough in K Jc occurs at 400* C which is recovered temperature for CVN 
testing, The actual minimum values m the trough are around 450* C at which CVN 
values are of higher order At 500 and 550* C the K ic are again recovered. This 
variations have been reported in figure 4.3. 

4.4 Vsrmtmn g£ mi mass, mi Tim H £ : 

As it has been found that T.M.E. in CVN testing occurs at 350* C, tempering 

for various time has been performed and the CVN testing of those specimens was 
done. Temperature of tempering as well as time may change the kinetics 
tempering transformations. This was the main intention of this study. The CVN 



'alue* tar various times at 35G ! C are shown m Table 4 4. 


irtv.'aci ioj ghresc 


X stste 4 <4 


lempar-mg T ime ‘hours' 

Charpy Impact Toughness (Kg-m' 

at 350 s C 


! 

1 

1.2 

4 

0 95 

3 

0.95 


It is found that there has been no beneficial effect of longer tempering 
time at 350 s C. The values are rather decreasing instead of increasing. This trend 

has been shown m Fig. 4.4. 

★ In a small experiment Charpy Specimen before tempering at 350 s C 
had been prestrained at 200 s C to a very small strain. This also has not been 

useful m improving the impact values at 350 s C (T.M.E.). 

4.5 Microstructural Sfa<fM : 

a) Variation of Tempering Temperature: 

The microstruotures obtaned from the polished and etched samples of 
varying temper conditions under SEM are shown in Figs. 4.5.1, 4.5.2, 4.6. 

The microstructure of quenched and temper steel consists mainly of lath 
martensites , very fine and having different size and orientations. The sample 
tempered at 200 s C (plate 149) shows such features. The white portions obtained m 









3 circle _>f 3 ju C '.plate ill' temper ing shews the carbide phase precipitated -From 
the martensite laths. Also there has been some sort of widening of these laths 


with carbides forming at lath boundaries The essential feature at this tempering 
temperature O is that tr.e carbides are ribbon shaped of a film type 

morphology 


In an another micrograph of 400' C tempered sample <plate 107), it is 
observed that the ribbon shaped carbides start necking down. There has been start 
of spheredization with small white round carbides seen at some places The 
process of spheredization continues and the amount of film like cabidas lowers 
with still higher tempering temperature of 500 s C (plate 219). At 550* C the 
microstructure predominantly consists of spherodized carbides and they coagulate 
to form bigger carbide portions (plate 220). The volume fraction of ferrite is also 
increasing at 350“ C and higher temperature tempered condition. The carbide films 
that have formed at 350* C tempering are of the order of 0 6 to Q 8 *im and some 
places they may be found to be as big as i Aim. Thus there has been clear change 
m microstructure from 200“ C to 550“ C Initially present packet martensite first 
precipitates the carbides (which then coarsen) followed by spheredization. In each 
case the volume fraction of ferrite is increased. 


bJ Variation of Temper ire? Time -' 

The microstructure of samples tempered longer time at 350“ C are shown in 
Fig. 2 It is clear fron those microstructures that no spheredization can be 
possible by longer tempering at 350“ C. The features of ribbon shaped carbides 
are still present. 

Fig 4.7 shows the schematic representation of morphological changes in carbides 


during tempering 
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4.6 r v , . I- • : Studies : 

:>.£■ A *"i: fjre surface of camples fractured under CVN testing and fracture 
tou'-'nnacE testing are shewn m r igs 4.8 i, 4 8.2. 4.9 1 and 4 9.2. 

a ) CVN F racture Surfaces ; 

The fracture mode predominantly existing m sample tempered at 200° C 
-plate 148 and plate 149) is quasi cleavage. Poorly ill-defined small cleavage 
facets are seen at some places. Features of river patterns at one place (right top) 
also can be seen The poorly cleaved regions are surrounded by dimples of very 

fine nature 

Plate 9? and 96 shows domination of cleavage mode at 350° C tempering. At 
higher magnification this feature is predominantly seen. The amount of ductile 
dimple features is very small. The cleavage mode which is of inter lath nature is 
confirmed by fractograph taken for longer time <8 hrs) tempered sample at 350° C 
(plate 151 and 13) The cleavage is more clearly seen at higher magnification. 

In case of 400° C tempering mode of fracture again changes. The plates 105 
and 104 shows it is predominantly tear rupture with lot of dimples. 

bJ Fracture Surfaces of Kjg sample s : 

The fractograph of sample tempered at 450° C (plate 87) shows partly 
rupture and partly cleavage. The domination of cleavage is not as much as is found 

in CVN sample* at 350° C. 

The 500* C tempered samples have failed more by tear rupture than by 
cleavage (plate 143 and 145). This trend of increasing tear, rupture continues still 
at higher temperatures upto 550° C (plate 221, 224). 
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Fig L-l Shows Variation of Hardness 
with Tempering temperature. 
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Rg. 4. 5 .1 SJEJM. Micrographs of specimens austenitised at 870* C for 90 min. 

oil quenched and tempered at a) 2CSJ* C , b) 350* C , c) 400* C 


The r&MD&ath/m magnification , Working Distance ( WJ). ) & Plate No. etc. an 




Rg„ 4. 5« 2 S.E.M. Hiorographs of specimens austenitised at 870* C for 90 min. 

oil quenched and tempered at d) 450* C 4 e> 500* C , f) S33* C 


★ The respective magnification , Marking Bistance ( MS. ? & Plate No. etc. ar 


shown on each plate 
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i 

! 

t ) 

c ) 

O 

i 

^ o 

a 

© 

d ) 

e ) 

f ) 


a) £ - C&'bidc (ZOO' C ) , t> Ribbon shaped carbide (35a Cl 

c Necking dc » <n of c a'b.de (400 C ) ., d ) Initiation of spherodizaiior 
aftc necking (450' C ) , e ) Spheroidal carbide ( 500 ‘ C) , 
f ) Coagulation of spheroidal carbide (550* C ). 

F\?- Schematic representation of morphological changes taking place in 


carbide during tempering 











I 



4. 8. 2 S£.M. fratographs of C V N specimens austenitised at 870* € for 
qn min. oil quenched and tempered at e> & f ) 350* C ( 4 hrs 


g> & h) 400 C 


The respective magnification , forking Distance ( US. ) & Plate No. etc. i 


shown on each plate. 
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9. 1 S EM. Fratographs of K fc specimens austenitised at 870* C for 
go min. oil quenched and tempered at a) lb) 450* C,d & cD 500* € 


★ The respective magnification , Uorking Distance ( WJJ- J * Plate No. e 


shown on each plate. 






Rr ' P i. 




: — ’ „ ‘ Tl 


L-i i 


1^ 


■VT,, 


:*'L*;:3i£ 


.'.'500 lOKTii MD48 


SRPCFT33SE ' " - — — " 

0224 20KV X2, 000 14037 


F©. 4. 9. 2 SJELJ-t. Fratographs of K fc specimens austenitised at 870* C for 

90 min. oil quenched and tempered at K0* C - 


Hr The respective 


magnification , ***** Distance < HB. >* ^ No. eta. are 


shown on each plate. 


Discussion: 


In earlier sections, results of present investigations ware presented. 
Results show the presence of Tempered martensite Embrittlement m both the 
evaluation methods used for toughness measurements. The occurance of T.M.E m 
-harpy impact testing is observed in the same range of tempering temperature as 
W3r observed in many earlier references in 4340 and 4140 type steels. The most 
interesting feature of present study points out the shift of the T.M.E. range in Kj c 
testing In some references the T.M.E. was assumed to be absent for K Ic testing in 
which the testing of samples were restricted only upto 400° C In one study by Lee 
at al 53 showed the occurance of T.M.E. in Kj c testing but was in the same range as 
that had been observed for Charpy Impact Testing. When the entire range of 
tempering temperature had been tested in present investigations, shift of TME. by 
100* C from Charpy T.M.E. range was found. As the shift of T.M.E. temperature 
range due to change in evaluation methodology was found it became necessary to 
analyze the two T.M.E. r.c -or in different manners. It is also important to 
resolve the mechanisms involved in two different embrittlements. 

Use T.NJE. phenomena Jq CharR-[ Befc 

In order to make the study more simple the T M.E. trough obtained in Charpy 
Test can be considered to have three regions 
i> Pre T.M.E. region 
2 ) Actual T.H.E. region 


3> Post T.M.E. region 
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i > Pre-TJi.E. Region (Charpy Test) (upio 200 s Q: 

In this region the impact toughness values are increasing ■From as-quencheq 
stage to 2Q0 : C tempering At 20Q : C the T M E trough has its peak value The well 
established Facts of strain releaving of quenched martensitic structures and 
precipitation of t carbide at and around 200" C are the most probable reasons For 
improvements in toughness values. The observed fracture mode in this range is oF 
quasi- cleavage type, which is less brittle. The microstructure consists mainly of 
packet martensite and e carbide which is not resolvable even at high magnification. 
Combining the microstructure and fracture mode observed m this pre-T.M.E. region, 
it is necessary to note that eventhough in presence of e carbide as a hard phase, 
there has been no drop in toughness values. This is predominantly due to very fine 
size and homogeneous distribution of hard phase throughout the structure 

It therfore implies that this morphology of even distribution oF fine hard 
phase with no ferrite phase present at this low temperature causes to improve 
overall toughness level. 

2> Actual TJiJE. Region : 

In the temperature range from 200 s C to 350 s C, there has been a drastic 
drop in toughness values. The typical microstructure at 350 s C consists of coarse 
cementite phase with ribbon (film like) shaped morphology . The fracture mode is 
fully dominated by the transgranular (interlath) cleavage facets. This observations 
of cleavage fracture also have been made in earlier references with 4340 and 
4140 pure steels 

The mechanism for this type of brittle fracture may be the cleaving of 
coarse carbide phase in Front of crack tip. The ferrite content at this tempering 
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temperature i^, also very less. As there has Seen no indication of cleavage in 
specimens at or below 2Q0 C C tempering, the presence of coarse and typical riboon 
shaped morphology must be responsible for this type of embrittlement. Another 
fact in such mechanism of embrittlement also comes out is that the gradual 
coaarsenmg of the ribbon shaped carbide with increasing tempering temperature is 
reproduced by equal drop in impact toughness values (i.e. drop in values between 
200‘ C to 350* C). 

The mechanism proposed by G. Thomas* is 3 Iso applicable m the present 
study. It suggests that, as a result of intense slip interactions, immobile 
dislocations can be formed which eventually raise the stress locally to fracture 
level. The locations of such process are at carbide phase present at inter and 
intra lath regions. There is plastic flow restriction observed in those places 
which is created by the typical size, shape and distribution of carbides In 
addition to this type of cleavage mechanism, many references painted towards the 
impurity assisted intergranular mechanism. Such fracture modes have not been 
observed m present study and can be attributed to low level of impurity (S + P) 
content. 

Thus main factor comes out of this discussion for Charpy T .M.E. is the size, 
shape and distribution of typical carbide phase and effect of this morphology on 
slip distribution and crack initiation. 

3> Post T-MJE. Region : 

The signifcicant features of microstructure of specimens tempered in this 
region (400' C and above) is of spherodization of filmy carbide and increase m 
ferrite content. This is the main cause of ductile fracture mode observed. The 
impact toughness improvement is also found to increase with greater and greater 



ijpht£3PQ'_J«j-s -IQ* i and ferrite content* in structure Fop this type of structure, 
cleavage <_raek nucleation will be more difficult due to high particle/matrix bond 
strength Therefore it requires higher stress levels to break such bond. As the 
caroide morphology is spherical instead of cleavage of carbide phase, the shear 
card between stressed crack tip and carbide particles produces microvoias. Thus 
it produces ductile type fracture mode as observed m 400 c C tempered specimen. 
The only reason of this ductile fracture with improvement in toughness value may 
be the spher education effect. 

Before making any arguments about T.M.E in Kj r testing it is now necessary 
to distinguish the two evaluation methods. The conditions prevailing m these two 
different methods may have different interactions of crack tip with 

microstructure . 

The Kj c test and Charpy test differ in that each test has its own associated 
stress field in the fracture origination region, Strain rate and specimen 

dimensions requirements. 

In general the effect of strain rate is always represented by lowering of 
transition temperature for slower strain rates <Kj c testing) This aids in ductile 
behavior of same material at same state of microstr uctura 1 conditions. In 
relatively narrow specimens, containing relatively blunt notches (Charpy V) the 
amount of plastic strain and hence the amount of strain hardening that occurs 
just in front of notch before general yielding is extremely small. Thus it seems 
that the Charpy method is more stress controlled and the decrease m Charpy 
energy can be attributed to decrease in fracture energy Further more such a loss 
creates shift m transition temperature. The fracture initiation mechanisms found 
also supports this by producing stress assisted cleavage type fracture mode. 

In case of Kj c testing, which is a strain controlled test, due to triaxality of 



specimen used, the fracture mode adopted is due to certain field (unto a certain 
range of di^tai ice.' ^n front of crack' tip. ihe necessary requirements of critical 
-crack length a^. to grow cai-as tropically is also of higher order. 

Thus after consider ng these basic differences involved m two different 
Test conditions and also the fracture initiation process, it is easy to analyze 

~TM.E m Kj r testing. 

J> Pre T.H.E. Region (Kj c Test): 

In this test the Kj c values are increasing with tempering temperature upto 
*400° C. The mode of' fracture in this region is also a ductile rupture. Although 
many microstructural changes occured m this wide range, they didn't seem prone to 
strain controlled conditions and therefore didn't show any embrittlement. The 
probable reason for this may be, as stated by Lee et al , that the inter carbide 
spacing has not reached to a critical level. In this region upto some temperature 
of tempering these cementite particles either are not big enough i.e in earlier 
stages upto (300° O or if they do so coarsen, the inter particle spacing is net 
critical. This must have resulted in ductile rupture by void coalescence mechanism. 
As these carbides are major source of void formation, in this region the number of 
woids formed and the particle spacing is not producing any embrittlement. This is 
cdiscussed in more detail in T.M.E. region analysis presented later . 

Although in the same region where Charpy values are decreasing (mainly due 
Lo particular morphology o-F carbide failing by stress assisted cleaving), the Kj q 
values still keeps the trend of increase. This again suggests the non importance 
of shape of carbide phase in slower rate test <Kj c test). 



2> Actual TJHJE, Region (Kj c Testing): 

Ths temperature range from 400* C to 450* C, when the intercarbide 
spacing and number of voids produced between them are of critical level, the Kj„ 
values are found to drop Thus this drop at 450* C may be attributed to decrease 
m spacing:: of carbides From microstructure, in this region the necking down of 
initial coarse ribbon shaped particle is being observed 

Similar considerations were made m fracture model proposed by Lee et 
al ‘ The model indicates the criterion of critical strain over a critical distance 
tie the average spacing of cementite particles) to cause T M.E.. During tempering 
m T.M.E. range a large number of cementite particles are precipitated and their 
dimensions are large enough to initiate the critical number of' microvoids near the 
sharp crack tip. 

Looking at the microstructure and the major fracture mode of low energy 
rupture plus some cleavage (mixed mode) at this T.M.E. range, above criterion of 
average inter particle spacing seems to fit for present case. 

The cleavage facets observed, which may be probably due to local increase 
in yield strength of region in front of the crack, leads to cleavage at some 
places. The occurance of this cleavage slightly hinders the proposed mechanism 
based on low energy rupture. 


3> Post TJM-E. Region <Kj c Testing): 

The tempering temperature at 500* C and above produces the micrstructure 
of coagulated carbide particles. This process of coagulation decreases the number 
of carbide particles and increases the inter carbide particle spacing The matrix 
at this tamperature level is also soft ferrite in large amounts. These two facts 



avoids the Ion energy tear rupture. The fracture mode observed is of ductile 
r jpt-^e and the proportion of this increases with increasing temperature 

The proposed mechanism for present steel in Charpy and Kj c testing has 
been shorn schematically m Fig 5 i 

Variation of Time and Frestraininq Effect : 

Tne results obtained by prolong tempering at 350* C shows no improvement 
m the Charpy impact values. This may be due to the fact that time of tempering 
has little (negligible) effect on kinetics of tempering transformation. There has 
been no change in ribbon shaped morphology by prolonged tempering. But to 
support above mechanism of particular morphology of carbide phase, these results 
are also important. 

Prestraining before T.M.E. range at 200* C to change the critical morphology 
prevailing at T.M.E. didn't produced any dramatic improvements and the values 
obtained were of same the order as that without prestraining 




FIB- 5’1 Schematic representation of Mechanisms proposed mCVN & k Iq 


testing in present steel. 



S )Pre THE b ) 1 M E C) Post THE 

Tk Stress assisted Cleavage fracture in T M E region showing dependency of 
carbide morphology in C V N test 



a ) Rre T. M E. 



b ) T. M E. 



C) Post T. M. E. 


★ Strain controlled Low Energy Rupture in T. M. E. of K fc test due to 
critical inter-particle spacing & enough number of micro voids produced . No 
effect of carbide morphology in this test. 


Fg. 5-1 Schematic representation of Mechanisms proposed in C V N tc K fc 


testing in present steel. 
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Conclusions ; 


rtbout Tempered Martensite Embrittlement phenomena m present steel 
«,AI3I 4135,' , following conludmg remarks can be made 


1 > Tempered Martensite Embrittlement was indicated by a trough in Charpy 
V-notch impact energy and Kj c plots 

ii> The range of tempering temperature over which the K Ic trough occurs, 
has been found to be shifted about 100* C higher than that of Charpy 
impact test <Charpy minima at 350 s C and K Ic minima at 450° C 
was observed.) 

iii>The Charpy energy trough was found to coincide with the occurance of 
coarse ribbon shaped morphology of carbide resulting in cleavage at 
350* C (T.M.E.). Thus the morphology of carbide was found to be the 
controlling factor in T.M.E. for this stress assisted Charpy test. 

iv>Thsre has been no beneficial effects on T M.E. of tempering for longer 

times. This shows time has no significance m improving the energy loss 
in the T.M.E. range. 

v>Since the fracture of Kj c specimens was primarily due to the 

ductile microvoid coalescence near the sharp crack tip, the spacing 
of cementite particles precipitated during tempering treatment was 
most important factor for interpreting the T M.E results of plane strain 


fracture toughness. 



Thus the study on effect of evaluation methodology on T.M.E. has been found 
useful m understanding the basic causes behind the interesting phenomena. 
Different mechanism of T ME are operating in two different evaluation methods 
■.Charpy and Kj c test) due to the inherent characteristics of stress controlled or 
strain controlled fracture initiation process in each case The practical 
implication of present investigation are 

* It is more dangerous to temper the steel components of this steel (AISI 
4135) around 450 t ’C as Kj c test is more compatible for material designing. 

Tempering at 400*C is more safer in both respect, impact & static loading. 
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